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Abstract

:

This study proposes a nitrogen recycling system that collects and recycles nitrogen compounds from waste gases in the industrial sector, such as those from stationary sources, from industrially processed wastewater containing livestock effluent, and from household wastewater. Multiple scenarios are set, and the potential global flows of anthropogenic nitrogen in 2050 are estimated and compared to assess the effects on the largest planetary boundary problem. In contrast to the business-as-usual (BAU) scenario, in which environmental conditions are worsened through a 47% increase in nitrogen emissions by 2050 above the 2010 levels, the agricultural countermeasures scenario produced a reduction in emissions which was less than the 2010 levels. The industrial countermeasures scenario proposed in this study achieved comfortable reductions in nitrogen production by constructing a nitrogen recycling system that installs the nitrogen compounds to ammonia (NTA) technologies. Combining the agricultural and industrial countermeasures achieves a 66% reduction in nitrogen emissions compared with the BAU scenario in 2050. The combination of both countermeasures with a high installation rate of NTA technologies can achieve the reduction of nitrogen emissions beneath the planetary boundary.
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1. Introduction


Massive amounts of ammonia have been produced using the Haber–Bosch process (N2 + 3H2 → 2NH3, referred to as HB-NH3 below) and used as fertilizer and chemical feedstock [1]. As of 2010, ammonia, a basic chemical product of reactive nitrogen, is produced globally at a rate of 120 million tons-N per year, of which approximately 80% is used in nitrogen fertilizers and approximately 20% is used as feedstock in the manufacture of chemicals [2,3]. This nitrogen is used by humans in food and products, and the lives of around half of humanity are made possible by Haber–Bosch nitrogen [4]. Therefore, world fertilizer nitrogen consumption in 2010–2011 leached 110 million tons-N per year into the environment [5].



The waste gas, effluent, and residues created by using this nitrogen contain harmful nitrogen compounds such as nitrogen oxides (NOx), organic nitrogen, ammonia nitrogen (e.g., NH4+ and NH3), and nitrates (NO3-). Nitrogen in sewage is detoxified through a nitrification/denitrification reaction, such as the activated sludge process, which converts it to N2 and releases it into the atmosphere. Waste is incinerated, detoxified, converted to N2, and then released into the atmosphere. However, because not all emission sources can be sufficiently detoxified, some nitrogen compounds are released into the environment. Additionally, NH3 gas is released from livestock agriculture. Internal combustion engines, such as combustion thermal power stations, also emit NOx, some of which is released into the environment.



Ammonia production through HB-NH3 uses fossil fuels as natural gas, oil, and coal; thus, HB-NH3 is currently one of the largest global energy consumers and greenhouse gas emitters, responsible for 1.2% of the global anthropogenic carbon dioxide (CO2) emissions [6]. Furthermore, detoxifying processes, such as incineration and the nitrification/denitrification of waste gases and wastewater containing nitrogen compounds, require large energy inputs for aeration and combustion, and release large amounts of CO2.



There are major concerns about the impact the release of HB-NH3 has on the eutrophication of lakes, marshes, and coastal regions, and on acid rain and climate change. Rockström et al. [7] and Steffen et al. [8] found that human perturbations risk exceeding planetary boundaries in terms of climate change, biosphere integrity, land-system change, and biochemical flows, and that human activity has reached levels exceeding the safe operating zone for global societal development. Their analyses revealed that the accelerating extinction of species and the nitrogen cycle have reached the high-risk area beyond the zone of uncertainty. Moreover, with a 60% growth in demand for grains by 2050 due to the increase of global population and a shift in dietary habits, the global demand for chemical fertilizers will further expand [9], and environmental pollution is anticipated to grow in severity with a 50% increase in the production of nitrogen compounds by 2050 [10].



There are global efforts to reduce the environmental impact of nitrogen, and Western countries among others have set goals to reduce the release of harmful nitrogen compounds. The United Nations Environmental Programme Colombo Declaration [11] at an international event in October 2019 stated the ambition to halve nitrogen waste by 2030. The EU’s National Emission Ceilings Directive [12] has set reduction targets by 2030 of 63% for NOx and 19% for NH3 below 2005 levels. China’s Three-Year Blue-Sky Protection Plan (2018–2020) set the goal of a 15% reduction in NOx below the 2015 level [13]. Japan’s long-term strategy for growth, based on the Paris Agreement [14], aims to reduce the release of substances that can damage natural cycles and the delicate balance of ecosystems into the environment in order not to exceed the pace that nature can absorb and detoxify them.



A conventional proposal was put forward on the agricultural sector for reducing HB-NH3 production through improvements to human dietary consumption efficiency by decreasing fertilizer use and food loss and waste [10,15]. In 2019, the World Resources Institute advocated setting a Global Action Agenda to halve food loss and waste by 2030, and expects large benefits from avoiding the conversion of ecosystems to agricultural land. Current nitrogen flows used for food have also been estimated at the national and city levels [16,17,18,19].



However, countermeasures to improve dietary consumption efficiency through better agriculture and distribution technology may be insufficient alone to achieve the reduction in the amount of nitrogen compounds to remain within planet boundaries if current dietary habits are sustained. In contrast, were humanity to adopt policies that greatly alter our dietary habits, such as ceasing the consumption of meat and shifting to a vegetarian diet, the amount of nitrogen fertilizers required for food production could be greatly reduced, but this is not realistic because meat, egg, and milk consumption increase with economic growth through dietary changes [20].



Gu et al. [21] estimated that approximately 25 million tons-N/year of reactive nitrogen was used in industrial products (e.g., nylon) globally in 2008. However, there is almost no discussion of decreasing this consumption or recycling ammonia as the basic chemical product in industrial applications.



A new policy is required that can achieve reductions while maintaining the amount of ammonia used in industry, and not force humanity, including those in developing nations, to alter their dietary habits dramatically to adopt vegetarianism. This study proposes a nitrogen recycling system that collects and recycles nitrogen compounds from waste gases emitted in the industrial sector and from livestock effluent and household wastewater. By estimating potential global flows of anthropogenic nitrogen, we predict the effects that countermeasures have on the planetary boundary problem.




2. Materials and Methods


2.1. Setting Scenarios


Appropriate goals have been set for reduction of anthropogenic emissions of nitrogen compounds and strategies are required to achieve these goals. It is estimated that in the Earth’s environment in 2050, 300 million tons-N per year of nitrogen compounds in nature (e.g., soil, oceans) will be decomposed and purified, whereas 220 million tons-N per year will be generated naturally through reactions in soil, oceans, and lightning strikes [3]. Thus, the set amount of nitrogen compound stock in the environment will be 80 million tons-N per year (=300 million tons-N per year–220 million tons-N per year), which is approximately the permissible limit for anthropogenic nitrogen compounds.



Steffen et al. [8] reported 62–82 million tons-N per year of anthropogenic nitrogen fixed through the Haber-Bosch process as the planetary boundary objective, and estimating a proxy parameter for the amount of nitrogen emissions into the environment yields a permissible emissions value close to 80 million tons-N per year. Releasing nitrogen into the environment above this value would likely worsen the eutrophication of lakes, marshes, and coastal areas. Therefore, in this study, we set a target of 80 million tons-N per year of anthropogenic nitrogen emissions into the environment.



We set various scenarios and estimate the global flows of anthropogenic nitrogen for each scenario. First, we review data from Galloway et al. [3] and Fowler et al. [2] for global flows of anthropogenic nitrogen as of 2010. Based on these data, global flows of nitrogen are estimated for 2050. The first scenario is the business-as-usual (BAU) scenario, in which no countermeasures are taken from the current circumstances. The global population is expected to approach 9 billion in 2050, and global NH3 production is forecasted to be 165 million tons-N per year owing to the increase in nitrogen fertilizer for food production [3]. Nr creation by cultivation-induced biological nitrogen fixation is estimated to be 50 million tons per year, and anthropogenic Nr creation by fossil fuel combustion is estimated to be 52 million tons per year [3]. We used these values for global nitrogen flow in 2050.



In the second scenario, improvements to dietary consumption efficiency by humans reduce the waste accompanying the processing of livestock for food [15]. Efforts to improve dietary consumption efficiency would be focused on policies that change the dietary habits of humans from eating meat to primarily eating vegetables, making further reductions to food waste and improving fertilizer application efficiency. To save the Earth from food crises, agricultural mechanization is in definite need, especially in developing countries. As the population continues to grow, it is expected to work more on precision agriculture [22]. Utilization methods of agricultural and animal wastes for biogas production have been developing recently and the produced digestate can replace the use of fertilizers from the Haber–Bosch process [23]. In this study, it is considered an important option of the agricultural countermeasures.



In the third scenario, industrial countermeasures are put in place. The details of these countermeasures are described below.




2.2. Overview of Industrial Countermeasures


The industrial countermeasures scenario aims to contribute greatly to decreasing the inflow of nitrogen into the environment by changing from a detoxifying process to a recycling process for nitrogen compounds in wastewater processing and NOx released into the air through combustion. In both methods, the original conversion to nitrogen is changed to the conversion to ammonia solution, a valuable resource, which is used for energy, such as in internal combustion engines.



NOx in the gas effluent of thermal power stations is denitrified using NH3 as a reductant. A new method under development converts NOx to NH3 (NOx to ammonia; NTA) by a new catalyst at low temperature with oxygen coexistence and achieves denitrification without using an external source of NH3 [24,25]. The NH3 collected and recycled can be reused as chemical feedstock or fuel. The NH3 in the exhaust gas of composting facilities and chemical factories is also used as fuel and feedstock. It was revealed that this NTA method has the potential to decrease environmental impact compared with traditional methods [26].



The aqueous nitrogen compounds in wastewater are currently converted to N2 and detoxified mainly through biological denitrification. However, massive amounts of electricity are required in this process, and unprocessed water is released without passing through a removal process. A wastewater treatment system that controls the outflow of nitrogen compounds completely can be achieved by an NTA technology converting the nitrogen compounds in wastewater to ammonia [27,28,29] and collecting the ammonia through adsorptive enrichment [30]. Moreover, the surplus heat and electricity can also be supplied to the surrounding region.



The novel nitrogen recycling system shown in Figure 1 could be built by combining these NTA technologies. The use of this system has multiple potential effects, including greatly reducing the energy required to detoxify nitrogen compounds, reducing the production yield of HB-NH3, collecting energy through combustion, and reducing greenhouse gas emissions.




2.3. Method of Calculating Flow Amount


The anthropogenic nitrogen flows as of 2010 were set based on data estimated by Fowler et al. [2]. The oceanic flows were particularly large; however, because the most of them are natural, these were disregarded here. The nitrogen flows between the atmosphere and the oceans were also omitted. The amount of NH3 used in the chemical industry was set as 20 million tons-N [2], and the remaining HB-NH3 was presumed to be used in agriculture and livestock. The inputs and outputs for human, agricultural, and livestock use were calculated based on the nitrogen footprint involved in food production reported by Leach et al. [32]. Of the nitrogen in the manure, 24–60% was discharged into the air through sewage treatment systems [33], thus the volatilization ratio of nitrogen in manure was set to be 40%. The sewage treatment rate was set at 20% [3]. The yield weight of nitrogen in chemical manufacturing using NH3 was assumed to be 90%, and the remaining amount was assumed to be flows into wastewater.



In the 2050 BAU scenario, the anthropogenic nitrogen flows were set based on the data estimated by Galloway et al. [3]. The inputs and outputs for human, agricultural, and livestock use were calculated based on the nitrogen footprint [32] through calculating the required volume of food production by the population growth in 2050. Additionally, the amount of nitrogen used in the chemical industry was assumed to remain the ratio of around 20% [2] to the production volume of HB-NH3 from 2010 to 2050. The sewage treatment rate was set at 20% [3]. Galloway et al. [3] used 52 million tons-N per year of reactive nitrogen emitted by fossil fuel combustion in 2050, which is within the range of the Intergovernmental Panel on Climate Change (IPCC) estimates [34,35]. However, there are large ranges in the estimates of reactive nitrogen emission by fossil fuel combustion in 2050; therefore, nitrogen flows of each scenario were estimated considering the emissions of 38 million tons-N as the minimum value [35], 95 million tons-N as the maximum value [35], and 52 million tons-N as the middle value [3].



In the 2050 agricultural countermeasures scenario, the 2050 anthropogenic nitrogen flows were estimated considering the production yield of HB-NH3 proposed by Steffen et al. [8]. In the scenario of improvements to dietary consumption efficiency by humans from the current 15%–20% to 25% [15], the inputs and outputs for human, agricultural, and livestock use were calculated based on the nitrogen footprint [32]. To reduce the waste accompanying the processing of livestock for food, biogas production plant can be implemented on a small scale in rural areas [23,36]; therefore, the utilization ratio of agricultural and animal wastes for fertilizers was set to be 20%.



In the 2050 industrial countermeasures scenario, the anthropogenic nitrogen flows were estimated based on the 2050 BAU scenario, and the installation rates for the NTA technologies of recycling in exhaust gas and in wastewater with nitrogen in 2050 was set, respectively, at 50% as the median value because it will be difficult to install countermeasures in developing countries smoothly. Additionally, we calculated the nitrogen flows for a scenario that combined the agricultural and industrial countermeasures.





3. Results


Table 1 shows the global anthropogenic nitrogen flow amounts estimated for each of the 2010 and 2050 BAU, agricultural countermeasures, and industrial countermeasure scenarios, with the middle value of reactive nitrogen emission by fossil fuel combustion in 2050. As of 2010, the atmospheric emissions of reactive nitrogen were estimated to be approximately 106 million tons-N per year, and the water emissions were estimated to be 77 million tons-N per year, making the estimated total environmental emissions 183 million tons-N per year.



In the 2050 BAU scenario, the atmospheric emissions of reactive nitrogen were estimated to be approximately 155 million tons-N per year, and the water emissions were estimated to be 102 million tons-N per year, making the estimated total environmental emissions 257 million tons-N per year. This is a total increase of 41% over 2010 levels. Therefore, to achieve the target of 80 million tons-N per year, reductions must be made of 180 million tons-N per year using some sort of measures.



In the agricultural countermeasures scenario, major reductions in the production of reactive nitrogen through the Haber–Bosch process were achieved, and total emissions were estimated to be 154 million tons-N per year which were less than the 2010 emissions. In the industrial countermeasures scenario, there were only slight reductions in the production of reactive nitrogen through the Haber–Bosch process; however, it was highly effective in controlling the environmental emissions of nitrogen compounds, and the total emissions were estimated to be 153 million tons-N per year. This achieved a reduction of environmental nitrogen emissions of 41% of the 2050 BAU scenario, and the emissions were mostly the same as the agricultural countermeasures scenario.



By the scenario of combining the agricultural and industrial countermeasures, reductions in both nitrogen production and emissions were possible. The environmental nitrogen emissions were reduced 95 million tons-N by 63% of the 2050 BAU scenario.



Figure 2 shows a breakdown of the environmental nitrogen emissions by scenario, considering the range of reactive nitrogen emission by fossil fuel combustion in 2050. Emissions were divided into four categories: NOx emissions from stationary and mobile sources, atmospheric nitrogen emissions from agriculture and livestock, hydrospheric nitrogen emissions in agriculture/industry and household wastewater treatment, and watershed nitrogen emissions through fertilizer runoff from farmland.



In the 2010 and 2050 BAU scenarios, these four categories affected environmental emissions. Agricultural countermeasures reduced environmental emissions by reducing the amount of fertilizer used and the production volume of agriculture and livestock. In contrast, industrial countermeasures greatly reduced nitrogen emissions from stationary and mobile sources and wastewater treatment. Combining agricultural and industrial countermeasures achieved well-balanced reductions in emissions across all four categories, and the nitrogen emissions using the minimum value of reactive nitrogen emitted by fossil fuel combustion in 2050 were reduced to be 88 million tons-N per year.




4. Discussion


Figure 3, Figure 4 and Figure 5 show global anthropogenic nitrogen flow charts for the 2050 BAU scenario, the agricultural countermeasures scenario, and the 2050 industrial countermeasures scenario, respectively. We focus on anthropogenic sources; natural sources, such as oceanic flows and media transitions, are excluded. In the BAU scenario, we clarified that the flow to livestock and agriculture of nitrogen fertilizer sourced from ammonia produced using the Haber–Bosch process was large and that the NOx emissions from internal combustion engines were substantial.



In the agricultural countermeasure’s scenario, although the flow of nitrogen fertilizers can be reduced and a new recycling flow appears from agriculture and food processing, there is a minor change to the flow and emissions structures, and NOx emissions from internal combustion engines remain as the BAU scenario.



In contrast, in the industrial countermeasure’s scenario, a new recycling flow appears laterally across Figure 5, and this indicates a dramatic change in the nitrogen flow structure. Recycled reactive nitrogen can be used in industrial applications, thereby ensuring sufficient nitrogen fertilizer flow and allowing an increase in food production in response to a population increase. The environmental emissions of nitrogen compounds, shown vertically on Figure 5, can also be sufficiently controlled.



Some of the remaining unconsidered challenges in global nitrogen flows are policies to improve the sewage treatment rate around the world, methods to introduce a recycling mechanism into distributed sources, which are internal combustion engines, and reductions to the transition volume of landfilling of waste that contains nitrogen. The uncertainties of the parameters by utilizing alternative energy in the future and the uncertainty of the planetary boundary should also be considered.



In this study, uncertainty analysis of the installation rate of the NTA technologies in the industrial countermeasures was conducted. The installation rates were set as 30%, 50%, and 70%, respectively. Figure 6 shows global anthropogenic nitrogen estimation for the 2050 industrial countermeasures scenario and the combination scenario of agricultural and industrial countermeasures by the installation rates of the NTA technologies.



The global nitrogen emission was estimated to be 186 million tons-N per year as the installation rate of 30%, which was larger than that in the scenario of agricultural countermeasures. The nitrogen emission was reduced to be 120 million tons-N per year as the installation rate of 70%, which clarified that the installation rate of the NTA technologies has a strong effect on the reduction of nitrogen emissions. By the combination of the agricultural and industrial countermeasures, the nitrogen emission was estimated to be 65–124 million tons-N per year; thus, the combination of both countermeasures with a high installation rate can achieve the reduction of nitrogen emissions less than 80 million tons-N per year as the target value of the planetary boundary.




5. Conclusions


We proposed a novel nitrogen recycling system that collects and recycles nitrogen compounds from gases emitted in the industrial sector, such as those from stationary sources, from industrially processed wastewater containing livestock effluent and from household wastewater. By setting multiple scenarios, we estimated and compared the effects of the system in these scenarios on the planetary boundary problem. The 2050 BAU scenario led to a 47% increase in environmental nitrogen emissions above 2010 levels. In contrast, the agricultural countermeasures scenario produced a reduction in emissions beneath the 2010 levels.



The industrial countermeasures scenario proposed in this study achieved comfortable reductions in nitrogen production by constructing a nitrogen recycling system that installs the NTA technologies, and this suggests the system’s potential to reduce environmental emissions of nitrogen compounds substantially.



Combining the agricultural countermeasures scenario and the industrial countermeasures scenario suggested that environmental nitrogen emissions could be reduced by 66% compared with the 2050 BAU scenario, and the nitrogen emissions using the minimum value of reactive nitrogen emitted by fossil fuel combustion in 2050 were reduced to 88 million tons-N per year. The combination of both countermeasures with a high installation rate of NTA technologies can achieve the reduction of nitrogen emissions beneath the planetary boundary.



The installation of these NTA technologies can also yield benefits to those who reuse nitrogen compounds. Nitrogen compounds can be used as fuel to produce heat and electricity, or as a denitrification agent to eliminate the costs of purchasing ammonia. These benefits could incentivize the spread of these technologies and transform the currently costly process of running a detoxification plant into a source of income.



The system we proposed has the potential to reduce emissions of greenhouse gases, thereby creating a clean Earth through the detoxification and recycling of nitrogen compounds and a cool Earth through a major reduction in CO2 emissions. In future work, we intend to perform an inventory analysis and life-cycle assessment based on the development of these NTA technologies.







Author Contributions


Conceptualization, K.T. and T.K.; Methodology, K.T.; Software, K.T.; Validation, K.T.; Formal analysis, K.T.; Investigation, K.T.; Resources, K.T., T.K. and H.M.; Data curation, K.T.; Writing—original draft, K.T.; Writing—review & editing, K.T.; Visualization, K.T.; Supervision, K.T.; Project administration, T.K.; Funding acquisition, K.T., T.K. and H.M. All authors have read and agreed to the published version of the manuscript.




Funding


This study was partially funded by the New Energy and Industrial Technology Development Organization of Japan (NEDO), Japan, JPNP18016.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Galloway, J.N.; Cowling, E.B. Reactive Nitrogen and The World: 200 Years of Change. AMBIO: A J. Hum. Environ. 2002, 31, 64–71. [Google Scholar] [CrossRef]

	



Fowler, D.; Coyle, M.; Skiba, U.; Sutton, M.A.; Cape, J.N.; Reis, S.; Sheppard, L.J.; Jenkins, A.; Grizzetti, B.; Galloway, J.N.; et al. The global nitrogen cycle in the twenty-first century. Philos. Trans. R. Soc. B Biol. Sci. 2013, 368, 20130164. [Google Scholar] [CrossRef] [PubMed]

	



Galloway, J.N.; Dentener, F.J.; Capone, D.G.; Boyer, E.W.; Howarth, R.W.; Seitzinger, S.P.; Asner, G.P.; Cleveland, C.C.; Green, P.A.; Holland, E.A.; et al. Nitrogen Cycles: Past, Present, and Future. Biogeochem 2004, 70, 153–226. [Google Scholar] [CrossRef]

	



Erisman, J.W.; Sutton, M.A.; Galloway, J.; Klimont, Z.; Winiwarter, W. How a century of ammonia synthesis changed the world. Nat. Geosci. 2008, 1, 636–639. [Google Scholar] [CrossRef]

	



Heffer, P. Assessment of Fertilizer Use by Crop at the Global Level 2010–2010/International Fertilizer Industry Association. 2013, Paris. Available online: https://www.fertilizer.org/images/library_downloads/agcom.13.39%20-%20fubc%20assessment%202010.pdf (accessed on 27 February 2023).

	



Smith, C.; Hill, A.K.; Torrente-Murciano, L. Current and future role of Haber–Bosch ammonia in a carbon-free energy landscape. Energy Environ. Sci. 2020, 13, 331–344. [Google Scholar] [CrossRef]

	



Rockström, J.; Steffen, W.; Noone, K.; Persson, Å.; Chapin, F.S., III; Lambin, E.; Lenton, T.M.; Scheffer, M.; Folke, C.; Schellnhuber, H.J.; et al. Planetary Boundaries: Exploring the Safe Operating Space for Humanity. Ecol. Soc. 2009, 14, 32. [Google Scholar] [CrossRef]

	



Steffen, W.; Richardson, K.; Rockström, J.; Cornell, S.E.; Fetzer, I.; Bennett, E.M.; Biggs, R.; Carpenter, S.R.; de Vries, W.; de Wit, C.A.; et al. Sustainability. Planetary boundaries: Guiding human development on a changing planet. Science 2015, 347, 1259855. [Google Scholar] [CrossRef]

	



Fróna, D.; Szenderák, J.; Harangi-Rákos, M. The Challenge of Feeding the World. Sustainability 2019, 11, 5816. [Google Scholar] [CrossRef]

	



Bodirsky, B.L.; Popp, A.; Lotze-Campen, H.; Dietrich, J.P.; Rolinski, S.; Weindl, I.; Schmitz, C.; Müller, C.; Bonsch, M.; Humpenöder, F.; et al. Reactive nitrogen requirements to feed the world in 2050 and potential to mitigate nitrogen pollution. Nat. Commun. 2014, 5, 3858. [Google Scholar] [CrossRef] [PubMed]

	



UNEP. Colombo Declaration. 2019. Available online: https://www.inms.international/sites/inms.international/files/Colombo%20Declaration_Final.pdf (accessed on 27 February 2023).

	



NECD. Directive (EU) 2016/2284 of the European Parliament and of the Council of 14 December 2016 on the Reduction of National Emissions of Certain Atmospheric Pollutants, Amending Directive 2003/35/EC and Repealing Directive 2001/81/EC. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32016L2284&from=EN (accessed on 27 February 2023).

	



IEA/IRENA Renewables Policies Database. Three-Year Action Plan for Cleaner Air. Available online: https://www.iea.org/policies/8508-three-year-action-plan-for-cleaner-air-also-called-the-blue-sky-war (accessed on 28 February 2023).

	



The Government of Japan. Cabinet Decision, 11 June 2019. Available online: https://www.env.go.jp/content/900502258.pdf (accessed on 27 February 2023).

	



de Vries, W.; Kros, J.; Kroeze, C.; Seitzinger, S.P. Assessing planetary and regional nitrogen boundaries related to food se-curity and adverse environmental impacts. Curr. Opin. Environ. Sustain. 2013, 5, 392–402. [Google Scholar] [CrossRef]

	



Yu, C.; Huang, X.; Chen, H.; Godfray, H.C.J.; Wright, J.S.; Hall, J.W.; Gong, P.; Ni, S.Q.; Qiao, S.C.; Huang, G.R.; et al. Managing nitrogen to restore water quality in China. Nature 2019, 567, 516–520. [Google Scholar] [CrossRef] [PubMed]

	



Hoang, D.L.; Davis, C.; Moll, H.C.; Nonhebel, S. Impacts of biogas production on nitrogen flows on Dutch dairy system: Multiple level assessment of nitrogen indicators within the biogas production chain. J. Ind. Ecol. 2019, 24, 665–680. [Google Scholar] [CrossRef]

	



Neset, T.-S.S.; Bader, H.-P.; Scheidegger, R. Food Consumption and Nutrient Flows: Nitrogen in Sweden Since the 1870s. J. Ind. Ecol. 2008, 10, 61–75. [Google Scholar] [CrossRef]

	



Hayashi, K.; Shibata, H.; Oita, A.; Nishina, K.; Ito, A.; Katagiri, K.; Shindo, J.; Winiwarter, W. Nitrogen budgets in Japan from 2000 to 2015: Decreasing trend of nitrogen loss to the environment and the challenge to further reduce nitrogen waste. Environ. Pollut. 2021, 286, 117559. [Google Scholar] [CrossRef] [PubMed]

	



Shindo, J.; Okamoto, K.; Kawashima, H. Prediction of the environmental effects of excess nitrogen caused by increasing food demand with rapid economic growth in eastern Asian countries, 1961–2020. Ecol. Model. 2006, 193, 703–720. [Google Scholar] [CrossRef]

	



Gu, B.; Chang, J.; Min, Y.; Ge, Y.; Zhu, Q.; Galloway, J.N.; Peng, C. The role of industrial nitrogen in the global nitrogen biogeochemical cycle. Sci. Rep. 2013, 3, 2579. [Google Scholar] [CrossRef]

	



AMA. Agricultural Mechanization in Asia, Africa and Latin America; Farm Machinery Industrial Research Corp.: Tokyo, Japan, 2020; Volume 51. [Google Scholar]

	



Borowski, P.F.; Barwicki, J. Efficiency of Utilization of Wastes for Green Energy Production and Reduction of Pollution in Rural Areas. Energies 2022, 16, 13. [Google Scholar] [CrossRef]

	



Nanba, T.; Masukawa, S.; Uchisawa, J.; Obuchi, A. Highly selective NH3 formation in a NO-CO-H2O reaction over Pt/TiO2. Chem. Lett. 2008, 37, 710–711. [Google Scholar] [CrossRef]

	



Kobayashi, K.; Atsumi, R.; Manaka, Y.; Matsumoto, H.; Nanba, T. Effect of the TiO2 crystal structure on the activity of TiO2-supported platinum catalysts for ammonia synthesis via the NO-CO-H2O reaction. Catal. Sci. Technol. 2019, 9, 2898–2905. [Google Scholar] [CrossRef]

	



Xue, M.; Lin, B.-L.; Tsunemi, K.; Minami, K.; Nanba, T.; Kawamoto, T. Life Cycle Assessment of Nitrogen Circular Econo-my-Based NOx Treatment Technology. Sustainability 2021, 13, 7826. [Google Scholar] [CrossRef]

	



Navarro, R.R.; Hori, T.; Inaba, T.; Matsuo, K.; Habe, H.; Ogata, A. High-resolution phylogenetic analysis of residual bacterial species of fouled membranes after NaOCl cleaning. Water Res. 2016, 94, 166–175. [Google Scholar] [CrossRef] [PubMed]

	



Inaba, T.; Hori, T.; Aizawa, H.; Ogata, A.; Habe, H. Architecture, component, and microbiome of biofilm involved in the fouling of membrane bioreactors. Npj Biofilms Microbiomes 2017, 3, 5. [Google Scholar] [CrossRef] [PubMed]

	



Aoyagi, T.; Morishita, F.; Sugiyama, Y.; Ichikawa, D.; Mayumi, D.; Kikuchi, Y.; Ogata, A.; Muraoka, K.; Habe, H.; Hori, T. Identification of active and taxonomically diverse 1,4-dioxane degraders in a full-scale activated sludge system by high-sensitivity stable isotope probing. ISME J. 2018, 12, 2376–2388. [Google Scholar] [CrossRef]

	



Parajuli, D.; Noguchi, H.; Takahashi, A.; Tanaka, H.; Kawamoto, T. Prospective Application of Copper Hexacyanoferrate for Capturing Dissolved Ammonia. Ind. Eng. Chem. Res. 2016, 55, 6708–6715. [Google Scholar] [CrossRef]

	



National Institute of Advanced Industrial Science and Technology. Novel Nitrogen Circulation System. Available online: https://www.n-cycle.jp/en/greeting-en/ (accessed on 27 February 2023).

	



Leach, A.M.; Galloway, J.N.; Bleeker, A.; Erisman, J.W.; Kohn, R.; Kitzes, J. A nitrogen footprint model to help consumers understand their role in nitrogen losses to the environment. Environ. Dev. 2012, 1, 40–66. [Google Scholar] [CrossRef]

	



Hojito, M.; Ikeguchi, A.; Kohyama, K.; Shimada, K.; Ogino, A.; Mishima, S.; Kaku, K. Estimation of Nitrogen Loading in Japanese Prefectures and Scenario Testing of Abatement Strategies. Jpn. J. Soil Sci. Plant Nutr. 2003, 74, 467–474. [Google Scholar]

	



IPCC. Climate Change 1995, the Science of Climate Change, Second Assessment Report of the Intergovernmental Panel on Climate Change; Houghton, J.T., Meira Filho, L.G., Callander, B.A., Harris, N., Kattenberg, A., Maskell, K., Eds.; Cambridge University Press: New York, NY, USA, 1996; pp. 1–63. [Google Scholar]

	



IPCC. Climate Change 2001, the Scientific Basis, Third Assessment Report of the Intergovernmental Panel on Climate Change; Houghton, J.T., Griggs, D.J., Noguer, M., van der Linden, P.J., Dai, X., Maskell, K., Johnson, C.A., Eds.; Cambridge University Press: New York, NY, USA, 2001; pp. 1–881. [Google Scholar]

	



O’Connor, S.; Ehimen, E.; Pillai, S.C.; Black, A.; Tormey, D.; Bartlett, J. Biogas production from small-scale anaerobic diges-tion plants on European farms. Renew. Sustain. Energy Rev. 2021, 139, 110580. [Google Scholar] [CrossRef]








[image: Sustainability 15 06042 g001 550] 





Figure 1. Novel nitrogen recycling system using industrial countermeasures [31]. 
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Figure 2. Global environmental nitrogen emissions by scenario considering the range of reactive nitrogen emission by fossil fuel combustion in 2050. Ag.: agricultural; Ind.: industrial. 
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Figure 3. Global flow of nitrogen (2050, BAU scenario; units: million tons-N/year). N2: unreactive atmospheric dinitrogen; Nr: reactive nitrogen; NH3: ammonia; green arrow: Nr production; red arrow: Nr use flow; orange arrow: Nr waste generation flow; black arrow: Nr emission into the air and water. 
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Figure 4. Global flow of nitrogen (2050, agricultural countermeasure scenario; units: million tons-N/year). N2: unreactive atmospheric dinitrogen; Nr: reactive nitrogen; NH3: ammonia; green arrow: Nr production; red arrow: Nr use flow; orange arrow: Nr waste generation flow; blue arrow: Nr recycling; black arrow: Nr emission into the air and water. 
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Figure 5. Global flow of nitrogen (2050, industrial countermeasures scenario; units: million tons-N/year). N2: unreactive atmospheric dinitrogen; Nr: reactive nitrogen; NH3: ammonia; green arrow: Nr production; red arrow: Nr use flow; orange arrow: Nr waste generation flow; blue arrow: Nr recycling; black arrow: Nr emission into the air and water. 
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Figure 6. Global environmental nitrogen emissions by scenario and the installation rate of the NTA technologies. Ag.: agricultural; Ind.: industrial. 
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Table 1. Global flow amounts of nitrogen for each scenario (units: million tons-N per year) 1.
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Year

	

	
2010

	
2050

	
2050

	
2050

	
2050




	
Scenario

	

	

	
BAU

	
Agricultural Measures

	
Industrial Measures

	
Agricultural + Industrial Measures






	
Reactive N production

	

	

	

	

	




	

	
Haber–Bosch process

	
120

	
165

	
86

	
137

	
65




	

	
Nitrogen fixing by cultivation

	
60

	
77

	
50

	
77

	
50




	
Use of reactive N

	

	

	

	

	




	

	
Fertilizer from Haber–Bosch

	
100

	
137

	
58

	
137

	
80




	

	
Industrial use

	
20

	
28

	
28

	
28

	
28




	

	
Food

	
34

	
46

	
31

	
46

	
33




	

	
Industrial product

	
18

	
25

	
25

	
25

	
25




	
Waste generation of reactive N

	

	

	

	

	




	

	
Crop and feed waste

	
38

	
51

	
19

	
51

	
26




	

	
Livestock effluent (liquid)

	
37

	
50

	
23

	
50

	
22




	

	
Industry wastewater

	
2

	
3

	
3

	
3

	
3




	

	
Household wastewater

	
21

	
27

	
27

	
27

	
27




	
Waste treatment and recycling of reactive N

	

	

	

	

	




	

	
Waste water treatment

	
12

	
16

	
10

	
40

	
26




	

	
Recycling of waste water

	
-

	
-

	
-

	
40

	
26




	

	
Recycling of agriculture and food processing waste

	
-

	
-

	
14

	
-

	
15




	

	
Recycling of livestock effluent

	
-

	
-

	
-

	
17

	
10




	

	
Recycling of gas effluent from fossil fuel combustion

	
-

	
-

	
-

	
51

	
28




	
Environmental emissions of reactive N

	

	

	

	

	




	

	
Livestock effluent vaporized (air)

	
25

	
33

	
15

	
17

	
8




	

	
Fertilizer loss (water)

	
26

	
35

	
20

	
35

	
21




	

	
Incineration (air)

	
51

	
70

	
23

	
35

	
13




	

	
Fossil fuel combustion 2 (air)

	
30

	
52

	
52

	
26

	
26




	

	
Waste water treatment (water)

	
2

	
3

	
2

	
0

	
0




	

	
No treatment of waste water (water)

	
48

	
64

	
42

	
40

	
26




	
Total emissions of reactive N

	

	

	

	

	




	

	
Atmospheric emissions

	
106

	
155

	
90

	
78

	
47




	

	
Hydrospheric emissions

	
77

	
102

	
64

	
75

	
47




	

	
Total environmental emissions

	
183

	
257

	
154

	
153

	
94








1 Only the anthropogenic nitrogen sources were counted. 2 The middle value of reactive nitrogen emissions by fossil fuel combustion in 2050 [3].
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